Introduction
The generation of syncytia by cell fusion is an important stage in the development of many eukaryotic organisms and generally involves the fusion of cells of a single lineage at a well-defined stage of differentiation. In Caenorhabditis elegans, nearly one third of cells fuse, in reactions that ultimately generate the syncytial hypodermis, vulva, excretory gland, male tail, anchor cell, uterus and pharynx (Gattegno et al., 2007) . Muscle development in species ranging from Drosophila melanogaster to humans, involves the fusion of mononucleated myoblasts to form multinucleated muscle fibers (Chen et al., 2007) . Epithelial cell fusion occurs in the production of the syncytiotrophoblast -the placental layer separating maternal and fetal blood supplies (Potgens et al., 2002) . Finally, the fusion of macrophages produces multinucleated osteoclasts, which function in bone resorption, and giant cells, which are active at chronic inflammatory sites (Chen et al., 2007) .
Fusion of cells is believed to be a multi-step process involving recognition, adhesion, hemifusion formation (in which the outer membrane leaflets of apposed cells merge) and, finally, formation of an aqueous pore (Oren-Suissa and Podbilewicz, 2007) . Although the fundamental steps in membrane fusion may be common to all systems, the molecular mechanisms by which fusion is achieved are surprisingly diverse and are understood in detail in only a few cases. In C. elegans, for example, the fusion failure (FF) genes EFF-1 and AFF-1 are necessary and sufficient to drive cell fusion during development (Sapir et al., 2008) . Similarly, in humans, syncytin 1 [also known as ENW1 (HERV-W_7q21.2 provirus ancestral Env polyprotein)] appears to function as an authentic fusogen during placental syncytiotrophoblast formation (Mi et al., 2000) .
Recent evidence suggests that cell fusion might occur during terminal differentiation of fiber cells in the vertebrate lens (Shestopalov and Bassnett, 2000a; Shestopalov and Bassnett, 2003) . Regions of limited fusion were noted in electron microscopic studies of the lens (Kuszak et al., 1989; Kuszak et al., 1985) and identified subsequently in volumetric reconstructions of tissue from the lens core (Shestopalov and Bassnett, 2000a) . Functional evidence for cell fusion was provided by experiments in which GFP-tagged membrane proteins expressed in one fiber cell were found to diffuse into the membranes of neighboring cells, suggesting the presence of a continuous (i.e. fused) plasma membrane system (Shestopalov and Bassnett, 2000a) . Similarly, cytoplasmic proteins or high molecular weight tracers introduced into the cytoplasm of one cell were able to diffuse intercellularly through the large molecule diffusion pathway (LMDP).
An unusual, perhaps unique, feature of the lens syncytium is that the fusion of constituent cells is incomplete. Thus, once fusion pores are formed, they do not expand indefinitely. Consequently, the cytoplasms of fused fiber cells remain partitioned by an intervening membrane pair over much of their length (Shestopalov and Bassnett, 2000a) . The physiological significance of the lens syncytium is obscure, but it has been proposed to connect metabolically active cells near the lens surface, with metabolically quiescent cells in the center of the lens (Shestopalov and Bassnett, 2003) . In this manner, the pool of aged proteins in cells of the lens core might be refreshed. In addition to uncertainty over the physiological role, it is not known whether fusogenic proteins, analogous to EFF-1 or syncytin 1, are expressed during lens syncytial formation.
In the present paper, we used induced expression of GFP to probe the nature and role of the lens syncytium. Our results indicated that the formation of the syncytium depends on the presence of Lim2 (also known as lens fiber membrane intrinsic protein LMIP or MP20), a claudin-like protein found at high concentration in lens fiber cell plasma membranes. Long-term GFP labeling revealed that the LMDP preferentially couples cells located in the same stratum of the lens cortex, and it is therefore unlikely to facilitate centripetal diffusion of proteins. The results are discussed in relation to the role of the lens in image formation in the eye. Together, the data indicate that the lens is comprised of not one, but several overlapping syncytia, each facilitating intercellular diffusion predominantly within a stratum of the tissue. To our knowledge, this arrangement is unique and hence we suggest the use of the term 'stratified syncytium' to describe the syncytial organization of lens tissue.
The fusion of cells to generate syncytial tissues is a crucial event in the development of many organisms. In the lens of the vertebrate eye, proteins and other macromolecules diffuse from cell to cell via the large molecule diffusion pathway (LMDP). We used the tamoxifen-induced expression of GFP to investigate the nature and role of the LMDP in living, intact lenses. Our data indicate that the LMPD preferentially connects cells lying within a stratum of the lens cortex and that formation of the LMPD depends on the expression of Lim2, a claudin-like molecule. The conduits for intercellular protein exchange are most likely regions of partial cellular fusion, which are commonly observed in wild-type lenses but rare or absent in Lim2-deficient lenses. The observation that lens tissue constitutes a stratified syncytium has implications for the transparency, refractive function and pathophysiology of the tissue.
Results

Structure of the mouse lens
The cellular organization of the mouse lens is shown in Fig. 1 . The lens grows by the deposition of newly differentiated fiber cells at the surface of the tissue. There is no cell turnover in the lens, therefore the age of a fiber cell can be deduced from its radial position: cells in the lens core are the oldest and those nearest the surface are the youngest.
Induced expression of GFP
GFP expression was induced in 3-week-old Cre-ER TM ;Z/EG mice by intraperitoneal injection of tamoxifen. Tamoxifen injection resulted in GFP expression by 1-5% of lens epithelial cells and superficial fiber cells. The relatively low level of induction has been attributed to mosaic expression of the Z/EG reporter transgene in the lens (Shi and Bassnett, 2007) . For the present purposes, the low induction efficiency was advantageous, because it enabled individual GFP-expressing cells to be visualized in the intact tissue. Mature fiber cells located in the lens core did not express GFP, presumably because those cells were incapable of protein synthesis, as a result of the disintegration of cytoplasmic organelles that occurs in the course of embryonic development (Faulkner-Jones et al., 2003; Vrensen et al., 1991) . To confirm that GFP was freely diffusible in the cytoplasm of lens fiber cells, we measured its diffusion coefficient (D) using fluorescence correlation spectroscopy (FCS) (supplementary material Fig. S1 ). In the outermost fiber cells,
D=3.9±0.4ϫ10
-11 m 2 /second (mean ± s.d.; n=3), a value similar to that reported for GFP in the cytoplasm of CHO and HeLa cells (Brock et al., 1999; Chen et al., 2002) and >97% of GFP molecules exhibited brownian motion (i.e. only a small fraction of the GFP was bound to cytoplasmic components). There was a modest reduction in D (to 2.1±0.3ϫ10 -11 m 2 /second; n=3) in cells located deeper in the tissue.
The LMDP is established early in fiber cell differentiation and persists in mature fibers
In tamoxifen-treated animals, GFP was restricted initially to the cytoplasm of expressing fiber cells located near the lens periphery. However, as differentiation proceeded, and elongating fiber cells were internalized, GFP began to diffuse from expressing cells into the cytoplasm of neighboring, non-expressing cells, signifying the formation of the LMDP ( Fig. 2A-C) . The LMDP was established relatively early in fiber differentiation while the fiber cells were actively elongating (i.e. before the fiber tips had reached the lens suture) (see Fig. 1 ). To test whether the LMDP remained patent in mature fiber cells, we microinjected Alexa Fluor 488-dextran (10 kDa) into anucleated cells located in the center of organ-cultured lenses. A comparison of images collected 10 minutes or 2 days after injection, indicated that the dextran diffused throughout the lens Journal of Cell Science 122 (10) Fig. 1 . Cellular organization of the mouse lens. The lens consists of two cell types: epithelial cells (Epi) located at the anterior surface, and fiber cells (Fib), which comprise the remainder and majority of the tissue. At the lens equator, epithelial cells differentiate into fiber cells. As they differentiate, fibers become highly elongated. The tips of the elongating fibers converge at the anterior and posterior lens sutures (AS and PS, respectively). In cross section, the fiber cells have a flattened hexagonal profile with two broad faces (oriented parallel to the lens surface) and four narrow faces. Initially, all fiber cells are nucleated but, during differentiation, nuclei (N) and other organelles are degraded. As a result, the central region of the lens constitutes an organelle-free zone (OFZ). The innermost cells, termed primary fiber cells (PF), are formed during embryonic development and are less regular in shape and arrangement than the other fiber cells. core in the intervening period (Fig. 2D) . Thus, the LMDP is established early in fiber cell differentiation and remains patent in mature fiber cells.
The LMDP preferentially couples cells of the same age
In cross section, fiber cells in the lens cortex have a flattened hexagonal appearance and are closely surrounded by six neighboring fibers (see Fig. 1 ). We examined the initial diffusion pattern of GFP to determine whether cells were equally well coupled to each of their six neighbors. X-Z images of GFP-expressing cells (Fig. 3A) or lens tissue injected with Alexa Fluor 488-dextran (Fig. 3B) revealed that, in both cases, tracer spread more readily between cells located in the same stratum (i.e. between cells of the same age) than between cells located in different strata (i.e. between cells of differing ages).
Preliminary experiments (Fig. 2) indicated that the LMDP was first established in cells located approximately 50 μm below the equatorial surface of the lens. We used the confocal microscope in line-scan mode to obtain X-Z sections of cells located in this region of the lens. The X-Z plane was oriented such that fiber cells were imaged in cross section. Images were collected at regular intervals over a period of 14 hours and assembled into time-lapse movies (supplementary material Movie 1). Analysis of the time-lapse sequences revealed instances in which transfer of GFP was initiated between GFP-expressing and non-expressing cells during the culture period, signifying the formation of the LMDP between the cell pair.
The fiber cell plasma membrane is polarized into distinct apical, basal and lateral membrane domains. The lens sutures are regions of exclusive apical to apical membrane contact (anterior suture) and basal to basal (posterior suture) membrane contact (see Fig. 1 ). Although GFP diffused readily across the lateral fiber membranes, there was little or no transfer across the anterior or posterior lens sutures (supplementary material Fig. S2 ). Thus, the LMDP is a specific property of the lateral domain.
Long-term GFP labeling reveals the lamellar substructure of the lens Nucleated, metabolically active cells constitute a thin layer near the lens surface (Fig. 1) . The remainder of the lens is composed of mature fiber cells that are metabolically quiescent and incapable of de novo protein synthesis (Faulkner-Jones et al., 2003) . It has been proposed that the LMDP might facilitate the centripetal flow of newly synthesized protein from cells in the active surface layers into the quiescent cells of the interior (Shestopalov and Bassnett, 2000a; Shestopalov and Bassnett, 2003) . To test this hypothesis directly, we induced GFP expression in 3-week-old mice and followed the distribution of GFP within the lens at intervals thereafter (Fig. 4) . Six days after tamoxifen treatment, scattered GFP-positive fiber cells were present near the periphery of the lens. By 16 days, the initial cohort of GFP-expressing cells was internalized and GFP had begun to diffuse from the innermost GFPpositive cells. There was little evidence of centripetal flow, however. Instead, cell-to-cell diffusion occurred predominantly between cells in the same stratum of the lens cortex, resulting, by 21 days, in the formation of a fluorescent annulus (Fig. 4 , arrows). The inner diameter of the annulus was not smaller at 170 days than at 21 days, indicating that little or no centripetal diffusion of GFP occurred in the intervening period. Lenses from older animals (80 days and 170 days) were characterized by the presence of a series of complete and incomplete secondary fluorescent rings.
Age-dependent changes in clonal expansion of fiber cell progenitors account for the generation of multiple fluorescent rings
The pattern of GFP expression in elongating fiber cells was qualitatively different at early and late time points. In lenses examined 7 days after tamoxifen treatment, scattered, GFP-positive fiber cells were evenly dispersed in the peripheral lens tissue (Fig.  5A ). By contrast, at later time points, bundles of GFP-expressing fibers were present near the periphery. Fluorescent cell bundles were separated from each other by broad strips of non-fluorescent fiber cells (Fig. 5B) . The difference in labeling patterns appeared to result from age-dependent changes in the behavior of epithelial progenitor cells. In young lenses, GFP-labeled epithelial cells located in the proliferative zone of the epithelium were usually present as cell pairs (Fig. 5A) . The subsequent differentiation of these cells generated an evenly dispersed pattern of fluorescent fiber cells in the lens cortex. By contrast, in older lenses, several mitoses occurred between the initial cell division and fiber differentiation. As a result of this clonal expansion, a cluster of GFP-positive epithelial cells (numbering 20-30) accumulated adjacent to the lens equator (Fig. 5C ). The synchronous differentiation of these cells gave rise to the formation of the broad, fluorescent bundles of fiber cells evident in Fig. 5B . When GFP-positive fiber cells within the bundles became coupled to non-expressing cells by the LMDP, the lateral diffusion of a bolus of GFP resulted in the formation of a fluorescent annulus (Fig. 5D ). Dark rings in equatorial sections of older lenses presumably correspond to periods when no GFP-labeled cell clusters differentiated.
Formation of the LMDP requires Lim2
Lim2 is an abundant integral protein of lens fiber cell plasma membranes (Alcala et al., 1975) . Using immunofluorescence techniques, Lim2 was first detected in the membranes of fiber cells located approximately 50 μm beneath the equatorial lens surface (Fig. 6) . Thus, the onset of Lim2 expression coincided spatially and temporally with the formation of the LMDP (see Figs 2-5), suggesting a role for Lim2 in the establishment of intercellular communication. To test this hypothesis directly, we examined intercellular protein diffusion in lenses deficient in Lim2. We disrupted the Lim2 locus using the genetrap technique (Shiels et al., 2007) . Lim2
Gt/Gt mice, lacking Lim2, were crossed with either Cre-ER TM ;Z/EG mice or TgN(GFPU)5Nagy mice, a strain in which a GFP transgene is expressed spontaneously in the lens in a mosaic pattern (Shestopalov and Bassnett, 2003) .
When GFP expression was induced in Lim2
;Cre-ER TM ;Z/EG mice, the characteristic pattern of diffuse fluorescent stripes was evident in projections of the lens anterior (Fig. 7A) or posterior (Fig. 7B) hemispheres and a series of fluorescent annuli was observed in equatorial sections (Fig. 7C) . By contrast, on a Lim2
Gt/Gt background, there was no evidence of intercellular diffusion of GFP. GFP was localized to discretely labeled fiber cells scattered throughout the tissue volume (Fig. 7A,B) . In equatorial sections (Fig. 7C) , fluorescent annuli were absent and, instead, labeled single cells or small cell clusters were observed. The presence of discretely labeled GFP-expressing cells was confirmed by examining cryosections of Lim2
Gt/Gt ;Cre-ER TM ;Z/EG lenses (supplementary material Fig. S3 ). To examine the fate of GFP expressed by the innermost fiber cells, we crossed Lim2
Gt/Gt mice with TgN(GFPU)5Nagy mice (Fig. 7D) . In Lim2 +/+ ;TgN(GFPU)5Nagy mice, the cortical tissue contained GFP-expressing and nonexpressing fiber cells but the central cells were uniformly fluorescent, indicating the establishment, in these cells, of the LMDP (Shestopalov and Bassnett, 2003) . In Lim2 Gt/Gt ;TgN(GFPU)5Nagy mice, the pattern differed markedly from the wild type. No intercellular diffusion of GFP was noticeable. Rather, a mixture of GFP-expressing and non-expressing fiber cells was present in the lens core. GFP diffusion in the lenses of Lim2 +/Gt animals was indistinguishable from the wild type (data not shown). Together, these data indicate that, in the absence of Lim2, the LMDP is not established, and the lens syncytium does not form.
We also examined whether Lim2 was necessary for gap-junctionmediated intercellular communication in the lens. The small fluorescent tracer neurobiotin (367 Da) was injected into central fiber cells in 2-day-old lenses from wild-type or Lim2
Gt/Gt mice. In both cases, the tracer diffused widely within the tissue (supplementary material Fig. S4 ) indicating that neither Lim2 nor the LMDP were necessary for the gap-junction-mediated diffusion of small molecules.
Lim2-dependent cell fusions may be conduits for intercellular diffusion of macromolecules
We sought to determine the structural basis for the LMDP by comparing the lenses of wild-type mice (in which intercellular diffusion of protein occurs) with those of Lim2
Gt/Gt mice (in which
Journal of Cell Science 122 (10) intercellular diffusion of proteins does not occur). We focused our attention on the cells immediately adjacent to the anterior suture. The suture is readily identified in both intact and sectioned lens preparations and serves as a useful landmark when making objective comparisons between lenses. Intact living lenses were stained with the lipophilic dye, FM4-64, and examined by confocal microscopy. In wild-type lenses, the lens fiber plasma membranes were strongly stained by the dye and the suture was clearly visible (Fig. 8, upper  panel) . The ordered appearance of the fiber membranes was interrupted by the presence of numerous cellular dilations, short regions in which the membrane separating adjacent cells appeared to be absent. Volumetric analysis indicated that the dilations were dispersed throughout the tissue in this region, to depths of at least 200 μm below the lens surface (the working distance of the objective lens). Dilations were not observed in comparable regions of Lim2
Gt/Gt lenses (Fig. 8, lower panel) , suggesting that they might represent regions of cellular fusion.
Reconstructions of the cellular dilations imaged in intact lenses lacked the axial resolution to unambiguously identify fiber cell fusions. Therefore, we used the array tomography technique (which offers about a tenfold increase in z-axis resolution over conventional confocal microscopy) to examine the membrane architecture in the anterior polar region of the lens. Ultrathin (80 nm) sections of wildtype lenses revealed numerous examples of partially fused cells in longitudinal (Fig. 9, left panel) or transverse section (center panel). The fused regions of the fiber cells were generally of greater caliber than the unfused regions, supporting the notion that the dilations observed in intact preparations (Fig. 8, upper panel) correspond to regions of cellular fusion. Fused cells were not observed in equivalent regions of lenses from Lim2
Gt/Gt mice (Fig. 9, right panel) . Six randomly selected sections from each of three Lim2
Gt/Gt lenses were carefully examined for the presence of fiber cell fusions in the anterior and posterior suture regions. Fusions were never observed, suggesting that fusions are rare or absent in the lenses of Lim2
Gt/Gt animals. 
Discussion
The stratified syncytium of the lens cortex Syncytia are found throughout the plant and animal kingdoms; however, in mammals, there are generally considered to be only three syncytial tissues: muscle fibers, syncytiotrophoblasts and osteoclasts or giant cells. In each case, the syncytium is the result of fusion of cells of a single lineage at a defined point in terminal differentiation. Results of the present study, in conjunction with earlier findings (Shestopalov and Bassnett, 2003) suggest that the LMDP forms relatively early in the fiber differentiation process. Intercellular diffusion is first triggered in actively elongating cells located approximately 50 μm (~25 cell layers) below the equatorial lens surface (see Figs 2 and 3), although this distance might be somewhat greater in the lenses of very young mice (Shestopalov and Bassnett, 2003) . Thus, LMDP formation occurs after the onset of fiber differentiation, but before fibers reach the lens sutures or undergo organelle breakdown.
In other systems, the aqueous pore that joins the cytoplasm of fusing cells is a transient structure, which expands quickly, and thus clears away the intervening membrane. The result is a multinucleated cell bounded by a single plasma membrane. By contrast, the fusion pore between lens cells appears to be a fixed structure, and most of the membrane that originally separated the cells remains intact. The persistence of a differentiated plasma membrane system within the lens syncytium ensures that the movement of proteins between cells is not isotropic throughout much of the tissue volume. Cortical fiber cells are hexagonal in cross section with two broad faces (oriented parallel to the lens surface) and four narrow faces (oriented approximately radially). The broad and narrow faces are functionally differentiated. Gap junctions, for example, are concentrated at the broad faces , whereas adhesive proteins, such as Ncadherin, are enriched at the narrow faces (Beebe et al., 2001) . Electron microscopic studies have detected fusions at both the broad and the narrow faces (Kuszak et al., 1985) . This implies that intercellular diffusion should occur both within and between strata. However, the current observation that proteins diffuse predominantly within a stratum of the lens cortex suggests that fusions are likely to be more numerous at the narrow faces than the broad faces. Detailed mapping studies will be required to test this hypothesis directly.
It has been suggested that the role of the LMDP is to facilitate the centripetal flow of newly synthesized protein from metabolically active cells near the lens periphery into the aged cells of the lens core (Shestopalov and Bassnett, 2003) . However, the present data indicated that little or no centripetal diffusion of proteins occurs in the lens. This is consistent with the results of a recent isotopic study on human lenses in which the 14 C content of proteins extracted from the lens nucleus was determined (Lynnerup et al., 2008) . The concentration of atmospheric 14 C in the atmosphere peaked in the 1950s as a result of nuclear weapons testing. Mass spectrometric analysis showed that the 14 C content of proteins extracted from the lens nucleus reflected the level of atmospheric 14 C in the birth year rather than lower, more contemporary values. Thus, there is no evidence that the proteins of core fiber cells are refreshed over time by newly synthesized components from the lens periphery.
Although intercellular diffusion of protein in the lens cortex occurs predominantly within a stratum of the tissue, this appears to be less true in the center of the lens. The innermost cells, formed early in embryonic development, are not packed together in the hexagonal arrangement that characterizes the majority of the tissue volume. Broad and narrow faces are not well defined (Shestopalov and Bassnett, 2000b) . Perhaps for this reason, diffusion in the lens core appears to be more isotropic (Fig. 2D) (Shestopalov and Bassnett, 2000a) than in the cortex. On the basis of these observations, we propose a tripartite model for the lens. In a thin (<50 μm) layer of cells near the lens surface, proteins are restricted to the cytoplasm of the cell in which they were synthesized. In the lens cortex, which comprises the majority of the tissue volume, proteins diffuse from cell to cell, predominantly within a stratum of tissue. In the innermost fiber cells, the intercellular spread of protein is isotropic.
Role of Lim2
The current data indicate that the lens membrane protein Lim2 is required for both cell fusion and syncytium formation. Lim2 is a Journal of Cell Science 122 (10) As these become incorporated into the lens syncytium, GFP diffuses into neighboring cells, resulting initially in the formation of broad diffuse stripes of fluorescence (*) in anterior (A) and posterior projections (B) and, at later time points, the formation of characteristic fluorescence rings in equatorial optical sections of the lens (C). In Lim2-deficient mice, intercellular diffusion in the lens was not observed. Numerous discretely labeled fibers were evident throughout the anterior (A) and posterior (B) hemispheres of lenses in Lim2-null mice. In equatorial sections (C), where fibers are seen in cross section, individual labeled fibers were noted (arrowheads), extending to a depth of approximately 300 μm below the lens surface (corresponding to the tissue stratum in which GFP expression was first induced). In TgN(GFPU)5Nagy mice, GFP is expressed in the lens throughout development, enabling the formation of the LMDP to be visualized in the center of young (5-day-old) lenses (D). In wild-type mice, the LMDP is established in fibers located 100-200 μm below the lens surface (arrow). However, in Lim2-deficient animals, the LMDP does not form and the central region of the lens has a checkerboard appearance as a result of the presence of uncoupled GFP-expressing and nonexpressing cells. Epi, epithelial cells. Scale bars: 500 μm (A-C); 250 μm (D).
glycophosphoprotein (Ervin et al., 2005 ) that binds galectin 3 (Gonen et al., 2001 ) and calmodulin (Galvan et al., 1989) . Lim2 is a member of the large PMP22/EMP/MP20/claudin, or pfam00822, superfamily of membrane proteins. Members of this family share a tetraspan topology and a W-GLW-C-C signature motif in the first extracellular loop (Van Itallie and Anderson, 2006) and have diverse roles in intercellular adhesion and the control of paracellular permeability. Mutations in LIM2 underlie certain types of inherited cataract in humans (Ponnam et al., 2008; Pras et al., 2002) . Although it is the second most abundant membrane protein in the vertebrate lens (Alcala et al., 1975) , no definitive physiological role for Lim2 has emerged. Studies in rats have indicated that Lim2 might act to minimize extracellular space (Grey et al., 2003) and an adhesive function is also suggested by the phenotype of Lim2-deficient mice, in which lens fiber cells are readily separated from each other (Shiels et al., 2007) .
Although we have not tested the ability of Lim2 to induce fusion in heterologous systems, it seems unlikely that Lim2 acts directly as a fusogenic protein in a role analogous to, for example, syncytin 1 in syncytiotrophoblasts (Mi et al., 2000) . Previous studies on lenses from newborn mice indicated that Lim2 is uniformly distributed in the plasma membrane and not concentrated at the narrow faces, the region that we argue is likely to be rich in cell fusion. In the current study, the expression of Lim2 on the broad and narrow faces (supplementary material Fig. S5) , and along the length of the fiber cells (Fig. 6A) , was found to be similarly uniform in adult lenses. In other cell types, fusion is a multi-step process, beginning with cell-cell recognition and adhesion, followed by formation of a Gt/Gt mouse lens is shown in the lower panels. Cellular dilations are not present in the Lim2 Gt/Gt lens. Scale bar: 50 μm. hemifusion and, finally, an aqueous pore (Oren-Suissa and Podbilewicz, 2007) . Interfering with any of these steps prevents fusion from occurring. For example, the Drosophila proteins dumbfounded, roughest and sticks-and-stones, are required for myoblast fusion, but probably do not function as fusogens per se. Rather, each is a member of the immunoglobulin superfamily of adhesion proteins and their absence presumably affects the ability of myoblasts to adhere to each other, an early, obligate step in the fusion process. Lim2 might act in a similar manner, facilitating fusion of lens cells by promoting the adhesion of lens fibers.
Implications for transparency, refraction and cataract
The role of the lens in the optical train of the eye is to focus light sharply on the retina. The stratified syncytial organization described here might contribute to this in several ways. First, by allowing the cytoplasmic contents of neighboring cells to mix, small differences in cytosolic protein content are avoided. Since light is scattered at the interface between media of differing refractive index, equalizing the protein content of neighboring cells will ensure refractive index matching and contribute directly to lens transparency. Second, the stratified nature of the lens syncytium might contribute to the correction of spherical aberration in the lens. It is well established that a standing gradient of protein concentration is maintained in the lens and that, as a result, the concentration of protein in the central lens cells can be two-or three-fold higher than at the periphery (De Korte et al., 1994) . The graded distribution of protein produces a refractive index gradient within the lens tissue. In the rat lens, for example, the refractive index varies parabolically from 1.37 (near the surface) to 1.51 (in the center) (Campbell, 1984) . The precisely shaped refractive index gradient serves to correct longitudinal spherical aberration and is essential, therefore, for forming a sharp image on the retina. The stratified syncytium might contribute to this, by ensuring a uniform refractive index within any one stratum of the lens while permitting a difference in refractive index to be maintained between strata. In our tripartite model of the lens, the centermost fiber cells constitute a spherical volume of tissue in which proteins intermingle. This would imply that the protein content and refractive index are uniform within this region. Studies have demonstrated that the refractive index gradient is relatively flat in this region (Fernald and Wright, 1983) , supporting the hypothesis. Finally, by ensuring that cells of a given age have a common refractive index, the stratified syncytium effectively centers the index gradient about the optical axis.
The stratified syncytium does not form in Lim2 Gt/Gt mice. The lenses of such animals are of normal size and shape and are relatively transparent. However, laser analysis has shown that the internal refractive properties of Lim2
Gt/Gt lenses are profoundly disturbed (Shiels et al., 2007) . This observation is the strongest evidence to date that the stratified syncytium contributes to optical quality. It is also possible, however, that Lim2 has functions in the lens beyond its role in syncytial formation, and that deficits in such functions contribute to the lens phenotype in Lim2
Gt/Gt mice.
Co-existence of two pathways for intercellular diffusion
Gap-junction plaques are most abundant on the broad faces of the lens fiber cells . As a consequence, the flow of ions and small metabolites in the lens cortex is predominantly radial in direction. However, the intercellular diffusion of large molecules is predominantly circumferential (i.e. within a tissue stratum). Thus, the two intercellular pathways are oriented orthogonal to each other. The functional roles of the two cell-cell pathways in the lens are also distinct and separable. In mice, knockout of connexins Cx46 and Cx50 (the major components of lens fiber gap junctions) results in cataracts, elevated intracellular calcium and, in the case of Cx50, small lenses (White, 2002) . Thus, connexin-mediated intercellular communication is essential for ionic homeostasis and lens growth. By contrast, the absence of the LMDP from the lenses of Lim2
Gt/Gt mice is associated with profoundly disturbed refractive properties, suggesting a specific role for the LMDP in image formation.
Materials and Methods
Animals
The following strains of mice were used in this study: C56-BL6 (Jackson Laboratory, Bar Harbor, ME), TgN(GFPU)5Nagy (Hadjantonakis et al., 1998) , Lim2 Gt/Gt (Shiels et al., 2007) , Cre-ER TM (Hayashi and McMahon, 2002) , and Z/EG (Novak et al., 2000) . Animals were killed by CO 2 inhalation and lenses were dissected from the eye, as described (Bassnett, 2005) . All procedures were approved by the Washington University Animal Studies Committee.
Fluorescence correlation spectroscopy
The diffusibility of GFP in the cytosol of lens cells located at various depths in the lens was measured directly using fluorescence correlation spectroscopy (FCS). FCS measures fluctuations in fluorescence intensity resulting from the diffusion of labeled molecules through a diffraction-limited detection volume. The statistical analysis of fluorescence fluctuations using autocorrelation techniques provides information on the concentration and the diffusion coefficient (D) of the fluorescent molecule (Bacia and Schwille, 2003) . Lenses from tamoxifen-treated Cre-ER TM ;Z/EG mice were viewed using an LSM510 meta confocal microscope equipped with a Confocor2 FCS system (Carl Zeiss, Thornwood, NY). Lenses were oriented such that the lens equator rested on the coverslip base of the viewing chamber. Background fluorescence in non-expressing cells was of low intensity and did not correlate. Beginning with the equatorial epithelium, correlation spectra were collected from GFP-expressing cells at 25 μm intervals to a depth of 200 μm (the working distance of the 40ϫ NA 1.2 C-apochromat lens used for the measurements). Spectra were fit using a two component model to account for the fraction of apparent bound molecules. The diffusion time (τ D ) determined by the fit was used to calculate the diffusion coefficient from the relationship τ D= ω 1 2 /4D, where ω 1 is the diameter of the confocal volume determined through instrument calibration.
Inducible gene expression
Induced expression of GFP was achieved by crossing Cre-ER TM mice with the Z/EG reporter strain, to generate mice heterozygous for both transgenes, as described (Shi and Bassnett, 2007) . Three-week-old Cre-ER TM ;Z/EG animals were given two intraperitoneal injections of tamoxifen (Sigma) dissolved in corn oil (15 mg/ml) to a final dose of 0.15 mg tamoxifen per g body weight. The injections were given 8 hours apart. This protocol resulted in GFP expression in the lens within 24 hours. Typically, 1-5% of epithelial cells and young fiber cells were GFP positive (Shi and Bassnett, 2007) . For some experiments, lenses from TgN(GFPU)5Nagy mice were used. In these animals, a GFP transgene is expressed spontaneously by approximately 25% of epithelial and fiber cells in the lens. The resulting fluorescence mosaicism within the tissue enables the formation of the LMDP to be visualized directly in intact living lenses (Shestopalov and Bassnett, 2003) .
Histology and tissue array tomography
Cryosections of lens tissue were prepared essentially as described (Grey et al., 2003) except that incubation in sucrose cryoprotective solutions (10%, 20%, 30% sucrose) was increased to 12 hours, in each case. Frozen tissue was sectioned at 20 μm and incubated with either anti-Aqp0 (cat. no. AQP01-A; alphadiagnostic, San Antonio, TX) or anti-Lim2 (cat. no. 42-2600; Invitrogen, Carlsbad, CA) according to standard protocols.
Array tomography was performed essentially as described (Micheva and Smith, 2007) . Briefly, lenses were fixed for 2 hours in 4% paraformaldehyde in PBS, dehydrated and embedded in LR-White resin according to standard procedures. Ribbons of 80-nm-thick serial sections were collected onto subbed glass slides and processed for immunofluorescence using a rabbit polyclonal antibody (Shiels et al., 1991) raised against aquaporin 0 (Aqp0), the most abundant integral protein of the lens fiber plasma membrane. Immunofluorescence was visualized using a 63ϫ Apochromat (1.4 NA) objective lens.
Microscopy, 3D reconstruction and image processing
Intact lenses were placed in pre-warmed DMEM F12 culture medium in glassbottomed Petri dishes. Lenses were viewed using an LSM510 confocal microscope (Carl Zeiss, Thornwood, NY), as described (Bassnett, 2005) . To visualize GFP expression in cells scattered throughout the lens volume, stacks of optical sections were collected and collapsed to final, maximum intensity projections using software supplied with the instrument. GFP fluorescence was elicited using the 488 nm argon laser line and collected using 505-530 nm band-pass filter. Lenses were imaged in quadrants (using a 10ϫ apochromat objective lens; 0.45 NA) and the resulting projections were compiled into a final montage using Photoshop image editing software. Cross-section profiles of GFP-expressing cells or clusters of cells were obtained from X-Z scans oriented orthogonal to the long axis of the expressing cells.
To visualize the three dimensional structure of the lens sutures and to chart the distribution of putative fusions between lens fiber cells, lenses were incubated in FM4-64 (Invitrogen, Carlsbad, CA). FM dyes are lipophilic styryl compounds commonly used in studies of plasma membrane dynamics. They are virtually nonfluorescent in aqueous media but become highly fluorescent following insertion into the outer leaflet of the plasma membrane. Lenses were imaged in the presence of 1 μM FM4-64 using a 40ϫ water-immersion C-apochromat objective lens (1.2 NA).
Microinjection
The properties of LMDP-and gap-junction-mediated diffusion were probed by microinjecting tracers of various sizes into lens fiber cells. Lenses were immobilized in 4% low melting agarose dissolved in tissue culture medium and the microinjection pipette was inserted through the posterior capsule. Large molecule diffusion was assessed by injection of Alexa Fluor 488-dextran (MW 10 kDa; Invitrogen). The distribution of Alexa Fluor 488-dextran was visualized by confocal microscopy 10 minutes and 2 days after injection. Gap-junction-mediated communication was assessed by microinjection of the low molecular weight (367 Da) tracer, neurobiotin (Vector Laboratories, Burlingame, CA). Tracers were injected iontophoretically using a dual channel current generator (Model 260, World Precision Instruments, Sarasota, FL). After injection, lenses were fixed and sectioned using a vibratome tissue sectioner. The distribution of neurobiotin was visualized following incubation in Alexa Fluor 488-labeled streptavidin according to standard protocols.
